Experimental trim drag values for conventional and supercritical wings by Jacobs, P. F.
The classified or limited status 
of this doclmnent applies to ea& 
page thereof unless otherwise 
mar~ed. Separate page printouts 
MUST be marked accordingltr. d. 
https://ntrs.nasa.gov/search.jsp?R=19820009252 2020-03-21T10:57:10+00:00Z
Experimental T r i m  Drag Values f o r  
Cbnvent ional  and Supercr it i c a l  Wings 
bY 
R t e r  Fredric Jacobs 
6.5,. Hay 1974, Iowa S t a t e  Un ivers i ty  
A Thesis submitted t o  
The Faculty 
o f  
The School o f  Engineering and Applied Scfence 
o f  t h e  e o r g e  Washington I h i v e r s i t y  i n  
p a r t  in1 s a t  i s f a c t  ion o f  t h e  requirements 
f o r  t h e  degree o f  Master o f  Science 
December 1981 
Acknwl  edgments 
l h e  author wishes t o  thank t h e  k t i o n a l  Aeronautics and Space 
Administrat ion (Langley Research Center) f o r  t h e  oppor tun i t y  t o  conspl e t e  a1 1 
requirements f o r  t h i s  degree. 
John P. Campbell f o r  h i s  support and advice and Miss L o r i  Nichols f o r  her  
e f f o r t s  i n  t h e  prepara t ion  of t h i s  docunent. 
m e  author a l s o  wishes t o  thank Professor 
ii 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENTS ........................ f i  
TABLE OF CONTENTS ........................ iii 
LISTOFFIGURES ......................... i V  
NOMENCLATURE . . ......................... v i i  
CHAPTER 
1 . INTitODUCTION ........................ 1 
1 1.1 G n e r a l  ........................ 
1.2 Cbject ives ...................... 2 
. . . . . . . . . . . . . . . . . .  5 
2.1 General ........................ 5 
6 2.c A i r f o i l s  ....................... 
2.3 Planform ....................... 8 
2 . DESIGN OF TAIL SURFACES 
3 . WINDTUNNELTESTS ..................... 10 
3.1 Cb jec t ives  ...................... 10 
3.2.1 Test F a c i l i t y  . . . . . . . . . . . . . . . . .  10 
3.2.3 Boundary-Layer T r a n s i t i o n  . . . . . . . . . . .  12 
3.2 Test Apparatus and Rocedures . . . . . . . . . . . . .  10 
3.22 b d e l  I lescr ip t ion . . . . . . . . . . . . . . .  11 
3.2.4 Measurements . . . . . . . . . . . . . . . . . .  13 
4 . RESULTS OF WIND TUNNEL TESTS . . 15 
4.1 Force and bment  Oats . . . . . . . . . . . . . . . . .  16 
4.2 Yaw Head Rake Data . . . . . . . . . . . . . . . . . .  21 
5 . SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . .  26 
5.1 Ceneral . . . . . . . . . . . . . . . . . . . . . . . .  26 
5.2 Siiggested Fur ther  Research . . . . . . . . . . . . . .  28 
APPENDIX . YAM HEAD RAKE D E S I G N  ANP CALIBRATION . . . . . . . . .  29 
iii 
1. 
2. 
3. 
4. 
5. 
6. 
7, 
8. 
9. 
10, 
11. 
12. 
13. 
L i s t  o f  Figures 
Drawing of  wing planforms on fuselage. 
t b r i z o n t a l  and v e r t i c a l  t a i l  supercr i  t i c a l  a i r f o i l  sections. 
Drawing o f  l o w - t a i l  conf igurat ions.  
Drawing of T - t a i l  conf igurat ions.  
Photograph o f  t y p i c a l  l o w - t a i l  conf igurat ion.  
Photograph o f  t y p i c a l  T - t a i l  conf igurat ion.  
Twist d i s t r i b u t i o n  f o r  b o t h  wirtgs. 
Thickness d i s t r i b u t i o n  f o r  b o t h  wings. 
Boundary-layer t r a n s i t i o n  s t r i p  p a t t e r n s  for t h e  wide body wing. 
Boundary4 ayer t r d n s i t i o n  s t r i p  pa t te rns  f o r  t h e  s u p e r c r i t i c a l  wing. 
Var ia t ion o f  1 i f t  c o e f f i c i e n t  w i th  angle o f  a t tack f o r  wide-body wing 
conf igurat ions (M, = 0.82). 
a) H1 
b)  42 
H3 
d) H4 
e) H5 
V a r i a t  io.. f draq i e  t w i th  1 i f t  c o e f f i c  lent  f o r  wide-body wing 
1. 
Var ia t ion o f  pitching-moment c o e f f i c i e n t  w i t h  1 i f t  c o e f f i c i e n t  f o r  wide- 
body wing conf igura t ions  ( M A  = 0.82, cog. = 0.3c). 
a) H1 
b) HZ 
14. Var ia t ion  o f  l i f t  c o e f f i c i e n t  w i t h  angle of  a t tack  f o r  s u p e r c r i t i c a l  
wing conf igura t ions  (M, = 0.82). 
a) H1 
c )  "3 
d) Hq 
e) H5 
b) H2 
15. Var ia t ion o f  drag c o e f f i c i e n t  w i t h  1 i f t  c o e f f i c i e n t  for s u p e r c r i t i c a l  
wing conf igura t ions  (M, = 0.82). 
a) H1 
b) "2 
c )  H3 
d)  H4 
e)  H5 
16. Var ia t ion of pitching-moment c o e f f i c i e n t  w i th  1 i f t  c o e f f i c i e n t  for 
s u p e r c r i t i c a l  wing con f igu ra t i ons  (M, = 0.82, c.q. = 0.33C). 
a) HI 
b) H2 
c )  H3 
d) Hq 
e) H5 
17. Var ia t ion  o f  drag c o e f f i c i e n t  w i t h  cog. p o s i t i o n  for wide-body wing 
conf igura t ions  (M, = 0.85). 
a )  H l  
b )  H2 
cr H 3  
4 H4 
e) H5 
18. Var ia t ion  o f  drag c o e f f i c i e n t  w i t h  c.g. p o s i t i o n  f o r  s u p e r c r i t i c a l  wing 
conf igura t ions  (M, = 0.82). 
a) H 1  
b )  H 2  
c )  H 3  
4 H 4  
e) H 5  
V 
19. 
20. 
Var ia t ion  of  t r i m  drag increment w i th  c.g. p o s i t i o n  f o r  wide-body wing 
conf igurat ions (P- = 0.82, CL = 0.45). 
\ la r ia t ion  of  t r i m  d rag  increment wi th  cog. p o s i t i o n  f o r  s u p e r c r i t i c a l  
. wing conf igura t ions  (M, = 0.82, = 0,55) 
2 1. 
2 2. 
2 3. 
24. 
2 5. 
2 6. 
2 7. 
28. 
2 9. 
3 0. 
3 1. 
3 2. 
3 3. 
34. 
3 5. 
3 6. 
3 7. 
Var ia t ion  o f  1 i f t - t o - d r a g  r a t i o  w i th  cog, p o s i t i o n  fo r  bo th  wings a t  
t h e i r  c r u i s e  1 i f t  coe f f i c i en ts  (M, = 0,82). 
Shematic drawing o f  a yaw head. 
Fhotograph o f  yaw head rake fo r  l o w - t a i l  con f igura t ions .  
Pawing o f  yaw head rake. 
Fhotograph of  t y p i c a l  yaw head rake i n s t a l l a t i o n  f o r  l o w - t a i l  conf igurat ions.  
Fhotograph o f  t y p i c a l  vaw head rake i n s t a l l a t i o n  f o r  T - t a i l  conf igurat ions.  
Pawing of vaw head rake data Dosi t ions f o r  l o w - t a i l  conf igurat ions.  
Fawing  of vaw head rake data oos i t ions  f o r  T - t a i l  conf igurat ions.  
Var ia t ions o f  downwash angle and r a t e  o f  change o f  downwash angle w i t h  
angle o f  a t tack,  wi th angle o f  a t tack  f o r  wide-body wing 
conf i gu ra t  ionc (M, = 0.82). 
a) Low-t a i l  conf  i gu ra t  ion 
b) l - t a i l  con f igura t iop  
Var iat ions o f  downwash angle and r a t e  o f  change o f  downwash angle w i th  
angle o f  a t tack  w i th  an l e  of  a t tack  I'or s u p e r c r i t i c a l  wing 
conf igura t ions  (% = 0.8 1 ). 
a) Low-t a i l  con f igura t ion  
b) T - t a i l  con f i gu ra t i on  
b c a l  Mach nunbersand f l o w  f i e l d  v e l o c i t y  vec tors  behind t h e  wide-body 
wing ( l o w - t a i l  conf igurat ion).  
b c a l  Mach numbers and flow f i e l d  v e l o c i t y  vec tors  behind t h e  wide-body 
wing ( T - t a i l  conf isurat ion) .  
Local Mach nmbers  and f l o w  f i e l d  v e l o c i t y  vec tors  behind t h e  
s u p e r c r i t i c a l  wing ( l o w - t a i l  con f igura t ion) .  
Local Mach numbers and f l ow  f i e l d  v e l o c i t y  behind t h e  s u p e r c r i t i c a l  
wing ( 1 - t a i l  conf igurat ion) .  
%hematic drawing o f  f l ow  f i e l d  v e l o c i t y  vectors .  
Var ia t ion o f  nondimensional i zed  pressure d i f f e r e n c e  w i t h  angle o f  a t tack  
f o r  t y p i c a l  yaw head 
Close up photograph of t y p i c a l  yaw head. 
v i  
NOMFNCLATURE 
Speed o f  sound 
Wing span, f o r  widedody wing 116.12 cm (45.72 in.), f o r  
supercr it i c a l  wing 134.54 (52.97 in.) 
Drag c o e f f i c i e n t ,  Drag/q,S 
L i f t  c o e f f i c i e n t ,  Lift/q,S 
P i t c h i n g  rnomemnt c o f f  i c i e n t ,  P i t c h i n g  moment/q,SC 
Ta il volume c o e f f i c i e n t  , 1 TST/CWSN 
b c a l  s t reanwise chord 
Mean aerodynamic chord f o r  w ideaody wing 18.22 cm (7.1.75 in.), 
f o r  s u p e r c r i t i c a l  wing 14.58 cm (5.742 in.) 
Hor izon ta l  t a i l s  1 through 5, respec t i ve l y  
Incidence o f  ho r i zon ta l  t a i l s  1 through 5, respect ive ly ,  
measured f rom fuselage water1 ine,  p o s i t i v e  w i t h  t a i l  t r a i l i n g  
edge down, degrees 
L i  f t -t o-d rag  r a t  i o  
T a i l  arm, d is tance from c.g. t o  a.c. o f  t a i l  
Mach number 
Local s t a t i c  pressure 
Tota l  pressure 
Total  pressuremeasured a t  yaw head tu3es 1 and 2; respec t ive ly  
Dynamic pressure 
u1 i v e r s a l  gas constant 
Reynolds number 
Resul tant v e l o c i t y  vec tor  (c,ee f i g u r e  35) 
Planform area, f o r  wide-body w ing  0.193 m2 (2.075 ft.'), f o r  
s u p e r c r i t i c a l  wing 0.185 m z  (1.988 f t2) 
Ibso lu te  temperature 
b c a l  maximum w i n g  o r  t a i l  th ickness 
v i  i 
U, Free stream v e l o c i t y  i n  x - d i r s c t i o n  
U Ve loc i ty  pe r tu rba t i on  i n  x - d i r e c t i o n  
V . Three dimensional v e l o c i t y  vec tor  
V1,V2 V e r t i c a l  t a i l s  1 and 2,  respec t ive ly  
v Ve loc i t y  pe r tu rba t i on  i n  y - d i r e c t i o n  
w Ve loc i t y  pe r tu rba t i on  i n  z - d i r e c t i o n  
X Streanwise d is tance 
Y Spanwise distance, measured normal t o  model p lane of symmetry 
z V e r t i c a l  d istance, measured normal t o  x 
r Dihedral o f  wing o r  t a i l ,  degrees 
A Incremental v a1 ue 
ACD T r i m  drag increment, CD 
(wing-body-vert. and ho r i z .  t a i ‘ l l  - 
“(wi ng-body-vert . t a i  I 1 
v i i i  
A Sweep o f  wing o r  t a i l ,  degrees 
a 
y . 
h g l e  o f  a t tack,  r e f e r r e d  t o  fuselage water1 ine, degrees 
Rat io  of  s p e c i f i c  heat  a t  constant  pressure t o  s p e c i f i c  heat a t  
constant vo l  m e  
E Downwas h angl e, degrees 
E' b c a l  streanwise wing s e c t i o n  inc idence angle, r e f t  .red t, . - rr 2 
water l ine,  p o s i t i v e  f o r  l ead ing  edge u p ,  degrees 
8 Angle between vectors  o f  f l ow  f i e l d  (see f igu're 35) 
x Taper r a t i o  o f  wing o r  t a i l  t rapezo ida l  p lanform 
U Angle between vec tors  o f  f l o w  f i e l d  (see f i g u r e  35) 
4! Angle between vectors  o f  f l o w  f i e l d  (see f i g u r e  35) 
Subscripts: 
avg Average va lue  
E14 quar te r  chord c MAC 
T (Refers t o )  ho r i zon ta l  o r  v e r t i c a l  t a i l  
t Tota l  cond i t i ons  (i.e. cond i t i ons  t h a t  would e x i s t  i f  t h e  gas were 
brought t o  r e s t  i s e n t r o p i c a l l y )  
W (Refers t o )  t h e  wing 
m Free stream cond i t i ons  
Pbbreviations: 
AR Aspect r a t i o ,  b'/S 
a.c. Aerodynamic center  
c.g. Center o f  g r a v i t y  
o r  
(C.G.) 
F.S. Fuselage s ta t i on ,  inches 
MAC Mean aerodynamic chord 
SCW Supercr i t i ca l  wing 
i x  
CHAPTER 1 
INTRODUCTION 
1.1 General 
The advent o f  f u e l  shortages and h igher  f u e l  p r i c e s  ha; had a tremendous 
impact on t h e  a v i a t i o n  industry.  A i r c r a f t  designed i n  t h e  1950's and 1960's, 
when f u e l  was r e l a t i v e l y  cheap, a r e  ro l snge r  p r o f i t a b l e  rJhen f lown a t  t h e i r  
desigr! speeds. 
challenged t o  b u i l d  more f u e l  e f f i c i e n t  a i rp lanes  f o r  today 's  environment. 
Wi tn in  t h e  Nat ional  Aeronautics and Space Admin is t ra t ion 's  A i r c r a f t  Energy 
Ef f i c iency  (ACEE) Rogram, research i s  be ing  conducted i n  t h e  areas o f  
advanced aerodynamics, composite s t ruc tu res ,  and a c t i v e  c o n t r o l  systems. The 
goal of  t h e  ACEE program i s  t o  reduce t h e  drag o f  t r a n s p Q r t  a i r c r a f t  by  50 
Consequently, a i rp lane  and engine manufacturers have been 
percent. 
The development o f  advanced s u p e r c r i t i c a l  a i r f o i l s  by  Whitcomb 
(reference 1) has l e d  t o  energy e f f i c i e n t  t r a n s p o r t  wings {references 2 and 
3 )  which have h igher  l i f t  t o  drag r a t i o s ,  t h i c k a r  a i r f o i l  sect ions,  1 -  
sweep, and h igher  aspect r a t i o s ,  and which weigh no more than  wings f..r 
cur ren t  wide-body a i r c r a f t .  
i s  an increased nose-down p i t c h i n g  moment caused by camber i n  t h e  a f t  end o f  
t h e  s u p e r c r i t i c a l  a i r f o i l  section. 
cmcern  i f  t h e  drag pena l ty  requi red t o  t r i m  i t  s i g n i f i c a n t l y  reduces t h e  
performance b e n e f i t s  o f  t h e  advanced wings. 
Pnother c h a r a c t e r i s t i c  o f  t hese  advanced wings 
The increased p i tch ingmoment  i s  o f  
T r i m  drag pena l t i es  a r e  n o t  unique t o  s u p e r c r i t i c a l  wings. Because o f  
inherent s t a t i c  s t a b i l  i t y  requirements, most c u r r e n t  t r a n s p o r t  a i r c r a f t  t end  
t o  have t h e i r  aerodynamic center  !a.c.) behind t h e i r  cen ter  o f  g r a v i t y  
(c.g.). This arrangement necessi tates a down l o a d  on t h e  ho r i zon ta l  t a i l  f o r  
1 
t r i m ,  which i n  t u r n  forces t h e  wing t o  produce m w e  l i f t .  l h e  induced drag 
o f  t h e  t a i l  and e x t r a  induced drag on t h e  wing c o n s t i t u t e  a major p a r t  o f  
the t r i m  drag, and i f  t h e  a i r c r a f t  i s  f l y i n g  near i t s  drag-divergence Mach 
number, t h e  t r i m  drag penhi ty  can b e  la rge .  
Advances i n  t h e  area o f  a c t i v e  c o n t r o l  technology may a l l o w  t h e  next 
It w i l  generation o f  j e t  t ranspor ts  t o  f l y  w i t h  re laxed s t a t i c  s t a b i l i t y .  
then be poss ib le  t o  hJve a smal ler ,  l i g h t e r  ho r i zon ta l  t a i l  o r  a c.g. 
p o s i t i o n  f u r t h e r  a f t .  E i ther  G. bo th  would r e s u l t  i n  smal ler  t r i m  drag 
pena l t ies  (references 4 and 5). Cbviously, much research on a l l  aspects o f  
drag reduction, inc lu - l ing  s y n e r g i s t i c  e f fects ,  i s  needed t o  reduce a i r c r a f t  
drag t o  an absoluteminimum. 
1.2 Ohject ives 
Ihe  main o b j e c t i v e  o f  t h e  present  experimental i nves t i ga t i on  ..as t o  
assess t h e  t r i m  drag o f  a h igh-aspec t - ra t io  s u p e r c r i t i c a l  wing conf igurat ion 
reld+. ive t o  t h e  t r i m  d rag  o f  a cur re r i t  wide.-body technology conf igurat ion.  
I n  order  t o  have a d i r e c t  cor,.;,arison o f  t h e  t w  wings, they were bo th  tes ted  
on t h e  same fuselage ( f igure  r;. 
r a t i o s  o f  cu r ren t  wide-body a i r c r a f t  fuselages. 
lht  fuse lage c l o s e l y  s imulated t n e  f ineness 
Each wing was tes ted  'in 
conjunct ion w i t h  f i v e  d i f f e r e n t  h o r i z o n t a l  t a i l s ,  and t h e  t r i m  d r a g  f o  
con f igu ra t i on  was measured a t  s imul ated c r u i s e  cond i t ions  (M, = .82). 
One o f  t h e  f a c t o r s  a f f e c t i n g  h o r i z o n t a l  t a i l  e f f i c i ency  i s  t a i l  
l oca t ion .  I f  t h e  t a i l  i s  i n  t h e  wake o f  t h e  wing (i.e. l o w  t a i l  p o s i t  
t n e  l o c a l  dynamic pressure w i l l  be l e s s  than t h e  f r e e  stream value and t h e  
t a i l  w i l l  be l e s s  e f f i c i e n t .  
wake, as i n  T - t a i l  con f igura t ions ,  insures t h a t  t h e  ho r i zon ta l  : a i l  w i l l  be 
Locat ing the ho r i zon ta l  t a i l  above t h e  wing 
2 
I n  addi t ion t o  t h e  force and moment da ta  f o r  these conf igurat ions,  l o c a l  
f l o w  angles and Mach nunbers i n  t h e  v i c i n i t y  o f  t h e  t a i l s  were measured w i t h  
a yaw head rake. 
informat ion on t h e  i n t e r a c t i o n  o f  t h e  d i f f e r e n t  wings and t a i l s  o f  t h i s  
i c v e s t  i g a t  ion. 
7he l o c a l i z e d  f l o w  f i e l d s  near t h e  t a i l s  prov ide important 
4 
CHAPTER 2 
DESIGN OF T A I L  SURFACES 
2.1 k n e r a l  
The design o f  a t a i l  surface i s  s i m i l a r  t o  t h e  design o f  a wing; a 
compromise must b e  reached between a l l  t h e  design va r iab les  i n  o rde r  t o  meet 
t h e  design object ives.  In t h e  design of  a ho r i zon ta l  t a i l ,  f o r  instance, t h e  
var iab les may be  geometric (e.g. t a i l  arm, p lanform area, v e r t i c a l  loca t ion ,  
etc.) o r  zerodynamic (e.g. a i r f o i l  sect ion,  sweep, aspect r a t i o ,  thickness, 
etc.). l h e  des ign requirements o f t e n  d r i v e  t h e  va r iab les  i n  oppos i te  
d i rec t ions .  The i n t e r s e c t l o n  p o i n t s  o f  these t rends  d e f i n e  t h e  t a i l - v a r i a b l e  
minimums o r  maximums. 
hor izon ta l  t a i l s  f o r  c u r r e n t  technology a i r c r a f t  are: (1) s u f f i c i e n t  t a i l  
download a t  t a k e  o f f  cond i t i ons  f o r  a i r c r a f t  r o t a t i o n ,  and (2) a p o s i t i v e  
s t a t i c  s t a b i l  i t y  margin o r  p o s i t i v e  damping o f  shor t -per iod  l o n g i t u d i n a l  
o s c i l l a t i o n s  a t  c r u i s e  cond i t i ons  (references 5 and 6). 
wi th  a c t i v e  c o n t r o l s  and re laxed s t a t i c  s t a b i l i t y ,  t h e  second design 
requirement above may change t o  a p i t c h  acce le ra t ion  fsr  p o s i t i v e  c o n t r o l  
cha rac te r i s t i cs  i n  t h e  presence o f  gusts. 
p a r t i c u l a r  des ign requirements o f f e r s  t h e  p o t e n t i a l  o f  reduced ho r i zon ta l  
t a i l  area, weight, and t r i m  drag. 
The des ign requirements which tend  t o  d e f i n e  tile 
For f u t u r e  a i r c r a f t  
The s a t i s f a c t i o n  o f  these 
@vious ly ,  optimum t a i l  design i s  an i r . t e r a c t i v e  process f o r  any one 
configuraton. The t a i l s  designed f o r  t h i s  i nves t i ga t i on  were n o t  opt imized 
f o r  e i t h e r  wing, b u t  were representa t ive  o f  cu r ren t  a i r c r a f t  and allowed 
comparisons o f  t h e  t r i m  drag c h a r a c t e r i s t i c s  o f  t h e  t w o  wings t o  be made. 
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2.2 A i r f o i l s  
l h e  1 a t e s t  technology, NASA supercr it i c a l  a i r f o i l  s ( reference 7 )  were 
used f o r  a l l  t h e  hor izon ta l  and v e r t i c a l  t a i l  surfaces, 
a i r i o i l s  c h a r a c t e r i s t i c a l l y  have a l a r g e  l e a d i n g s d g e  rad ius,  a r e l a t i v e l y  
f l a t  upper surface, and a r e f l e x e d  "cusp" reg ion  a f t  on t h e  lower surface. 
l h e  r e l a t i v e i y  l a r g e  l e a d i n g s d g e  r a d i u s  reduces t h e  negat ive  pressure 
c o e f f i c i e n t  peak on the  upper surface associated w i t h  conventional a i r f o i l s ,  
l h i s  reduced peak lessens t h e  chances o f  f l o w  r e p a r a t i o n  a t  s u b c r i t i c a l  
condi t ions,  
v e l o c i t i e s  ahead o f  t h e  shock wave and a l s o  t h e  v e r t i c a l  ex ten t  o f  t h e  
s u p x s o n i c  f l o w  region, thereby reducing t h e  associated shock wave strength, 
Much o f  t h e  improvement i n  t h e  performance o f  t h e  s u p e r c r i t i c a l  a i r f o i l s  i s  
due t o  t h e  reduced s t rength  o f  t h e  shock wave on t h e  upper sur face o f  t h e  
a i r f o i l  and t h e  e l  iminat ion o f  shock-induced boundary-layer separation, 
i s  t h i s  boundary-1 ayer separat ion which causes s u b s t a n t i a l  increases i n  drag, 
b u f f e t i n g ,  and s t a b i l i t y  and c o n t r o l  problems. 
leading-edge r a d i u s  and t h e  f l a t t e n e d  upper sur face  reduce t h e  negat ive 
pressure c o e f f i c i e n t s ,  l e s s  1 i f t  i s  produced by t h e  upper surface, 
rep lace t h i s  i o s t  l i f t ,  t h e  cusp reg ion  was added t o  t h e  lower surface, 
reo ion  creates s i G n i f i c a n t  p o s i t i v e  pressures on t h e  lower surface. 
reason, s u p e r c r i t i c a l  a i r f o i  s d r e  o f t e n  r e f e r r e d  t o  as "af t - loaded 
a i r f o i l s . "  
moments t h a t  E ~ P  Lnfavorable frm a t r i m  drag p o i n t  o f  view. 
Supercr i t i ca l  
l h e  f l a t t e n e d  upper sur face  o f  t h e  a i r f o i l s  reduces f low 
It 
Because t h e  l a r g e r  
To . 
This 
For t h i s  
It i s  t h e  h i g h l y  loaded cusp wh'ch produces nosedown p i t c h i n g  
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I n  a depar ture from t h e  prev ious ly  used method o f  des ign ing a i r f o i l s  (an 
i t e r a t i v e  experimental procedure), t h e  t a i :  a i r f o i l s  i n  t h i s  i nves t i ga t i on  
were designed w i t h  t h e  two-dimensional a i r f o i l  code o f  reference R. The 
a i r f o i l s  developed w i t h  t h i s  code f o l l o w  t h e  t h r e e  p r i n c i p a l  gu ide l ines o f  
references 9 and 10. 
shockwaves , 1 ittl e f l o w  separat ion,  and reduced drag. . 
These gu ide l ines  produce a i r f o i l s  w i t h  reduced s t rength  
The a i r f o i l s  used f o r  t h e  ho r i zon ta l  and v e r t i c a l  t a i l s  a r e  shown i n  
f i g u r e  2. Relevani t a i l  parameters a r e  presented i n  t a b l e  1. 
l@-percent- th ick cambered s u p e r c r i t  i c a l  a i r f o i l  W ~ S  used f o r  t h e  cambered 
hor izon ta l  t a i l s .  
t a i l  downloads f o r  trim. 
c o e f f i c i e n t  o f  0.4. 
A 
The cambered t a i l s  had inverse  camber i n  a n t i c i p a t i o n  o f  
The cambered a i r f o i l  was designed f o r  a l i f t  
The 1C-percent-thick symmetrical a i r f o i l  was used f o r  t h e  symmetrical 
hor izon ta l  t a i l s  and f o r  t h e  v e r t i c a l  t a i l  o f  t h e  l ow  t e i l  con f igura t ion .  
The symmetrical a i r f o i l  des ign evolved from t h e  cambered a i r f o i l .  
camber was removed, l e a v i n g  an a i r f o i l  w i t h  t h e  same th ickness d i s t r i b u t i o n  
as t h e  cambered a i r f o i l .  This i n t e m e d i a t z  a i r f o i l  5 unacceptable f rom a 
s t r u c t u r a l  s tandpoint  because o f  i t s  r e f l e x e d  a f t  end, which was duz t o  t h e  
cove reg ion on t h e  lower  sur face  o t  the cambered a i r f o i l .  
d i d  n o t  leave enough th ickness f o r  c o n t r o l  sur face  actuators.  
t h i s  problem, add i t i ona l  th ickness was added by main ta in ing  t h e  same 
t r a i l  ing-edge th ickness and f a i r i n g  a s t r a i g h t  1 i n e  between t h e  t r a i l  i n g  edge 
and t h e  coordinates a t  approximately 0.65 x/c. 
a i r t o i l  was then blended smoothly i n t o  t h e  forward sec t i on  us ing  t h e  code o t  
reference 8. 
F i r s t  t h e  
The r e f l e x &  area 
To a l l e v i a t e  
The new a f t  end of  t h e  
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The 12-perrent - th ick symmetrical a i r f o i l  was used f o r  t h e  v e r t i c a l  t a i l  
This a i r f o i l  was s imply  a scaied-up vers ion o f  b F  t h e  T - t a i l  conf igurat ion.  
t h e  10-percent t h i c k  Symmetrical a i r f o i l .  
2.3 Planform 
The planform shapes o f  t h e  v e r t i c a l  t a i l  and t h e  t h r e e  hor izoa ta l  t a i l s  
f o r  t h e  low t a i l  c o n f i g u r a t i o n  a r e  shown i n  f i g u r e  3, 
hor izon ta l  t a i l s ,  designated Hi and H3, u t i 1  i z e  t h e  lO-percent- th ick cambered 
and s y m e t r i c a l  a i r f o i l s ,  respect ively,  The l a r g e r  h o r i z o n t a l  t a i l ,  H 2  a l s o  
u t  il izes t h e  cambered a i r f o i l .  
I h e  two smal ler  
As p rev ious ly  mentioned, t h e  v e r t i c a l  t a i l ,  
VI, has a lo -percent - th ick  s p e t r i c a l  a i r f o i l  sect ion.  
The p lanfcrm shapes o f  t h e  v e r t i c a l  t a i l  and two h o r i z o n t a l  t a i l s  f o r  
t h e  T- ta l l  c o n f i g u r a t i o n  a r e  shown i n  f i g u r e  4. 
I-ave cambered and symmetrical lo -percent - th ick  a i r f o i l  sec t  ions, 
respect ively.  
symmetrical a i r f o i l  section. 
Fbr izonta l  t a i l s  H 4  and H5 
The T - t a i l  v e r t i c a l  t a i l ,  V 2 ,  has a 129ercent - th ick  
Planfarm d e t a i l s  f o r  t h e  t a i l s  used i n  t h i s  i n v e s t i g z t i o n  a r e  presented 
' , \  t a b l e  1. The t a i l s  were designed t o  have approximately t h e  same t a i l  
volume c o e f f i c i e n t  a s  f o r  c u r r e n t  technology a i r c r a f t .  T a i l  volune 
c o e f f i c i e n t  i s  a measure of  t h e  c o n t r i b u t i o n  o f  t h e  t a i l  t o  t h e  o v e r a l l  
1 c  
s t a b i l  i t y  l e v e l  o f  t h e  conf igura t ion ,  and i s  d e f i n e d  as C = I T ~ T  
T e W S W  
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In t h e  design o f  t h e  t a i l s ,  t h e  c.g. was s e t  a t  0.25 E .  
t h e  same fuselage s t a t i o n  f o r  b o t h  wings. 
t h e  same for bo th  wings. 
same f o r  each wing. 
because t h e  mean aerodynamic chord, f o r  the wide-body con f igu ra t i on  i s  
l a r g e r  than f o r  t h e  s u p e r c r i t i l a l  wing conf i su ra t ion .  - 
This p o i n t  occurs a t  
Therefore, t h e  t a i l  arm, 1 , was 
In  addi t ion,  t h e  wing p lanfonn area was near ly  t h e  
T 
l h e  t a i l  volume c o e f f i c i e n t s  f o r  each wing d i f f e r  
k l ’  
The t a i l  area 1 i s t e d  i n  t a b l e  1 f o r  t h e  ho r i zon ta l  t a i l s  i s  t h e  
t rapezoidal  area extended t o  t h e  fuselage center1 ine, b u t  f o r  t h e  v e r t i c a l  
t a i l s ,  the area shown i s  exposed area. 
t a i l s  H,, H , H and H have t h e  same geometry and p;anform. 
s l i g h t l y  l a r g e r  than t h e  o t h e r  h o r i z o n t a l  t a i l s ,  was designed t o  have t h e  
same exposed area and t a i l  vo l  m e  c o e f f i c i e n t  as t h e  T - t a i l  ho r i zon ta l  t a i l  s 
H4 and H5. 
Neglect ing t a i l  d ihedra l ,  hor izon ta l  
H2, which i s  
3 4  5 
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CHAPTER 3 
WIND TUNNEL TESTS 
3.1 (b jec t i ves  
Experimental aerodynamic f o r c e  and moment da ta  were measured a t  c r u i s e  
condi t ions (M, = 0.82, R,= 5.0 x 106/ft.) f o r  Combinations o f  two 
d i f f e r e n t  wings i n  conjunct ion w i th  f i v y  separate h o r i z o n t a l  t a i l s  mounted on 
8 representa t ive  w idebody fuselage. 
t a i l  p lane prov idsd  s u f f i c i e n t  drag c o e f f i c i e n t  da ta  a t  trimmed ( p i t c h  
equ i l ib r ium)  cond i t i ons  t o  compare t h e  t r i m  drag increments f o r  a h igh  
aspect-rat  i o  s u p e r c r i t i c a l  wing w i t h  t h e  increments f o r  a cu r ren t  
wide-body-technology wing. 
i l l u s t r a t e  t h e  e f f e c t s  o f  t a i l  s ize,  l oca t i on ,  and camber on t r i m  drag. 
addi t ion,  yaw head roke  da ta  were taken w i t h  t h e  ho r i zon ta l  t a i l  removed, i n  
order t o  p rov ide  l o c a l  f l ow  angle and Mach number d e t a i l s  behind each wing. 
3.2 l e s t  Apparat,is and Rocedures 
Incidence charlses o f  t h e  hor izon ta l  
The f i v e  h o r i z o n t a l  t a i l s  were chosen t o  
In 
3.2.1 Test F a c i l i t y  
l h i s  i n v e s t i g a t i o n  was conducted i n  t h e  Langley 8-Foot t ranson ic  . 
pressure tunne l  ( re ference 11). This f a c i l i t y  i s  a cont inuous-f low 
sing1 e-return rec tangu lar  s lo t ted - th roa t  tunnel .  
independent v a r i a t i o n  of Mach number, dens i ty ,  s tsgnat ion  temperature and 
dewpoint temperature. 
square (same cross-sect ional  area as t h a t  o f  a c i r c l e  w i t h  a 2.4 m (8  ft.) 
diameter). l h e  upper and lower w a l l s  a r e  s l o t t e d  a x i a l l y ,  p e r m i t t i n g  t h e  
Tunnel c o n t r o l s  a l l ow  
l h e  t e s t  sec t i on  i s  approximately 2.2 m (7.1 f t . )  
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tes t -sec t  ion Mach number t o  b e  changed cont inuously throughout t h e  t ransonic  
speed range. 
r a t i o  o f  approximately 0.06, 
var ied from a minimum o f  0.25 atmosphere (1 atmosphere = 0.101 MNjm ) a t  a l l  
The s l o t t e d  t o p  and bottom wa l l  s each have an average open 
The stagnat ion pressure i n  t h e  tunnel  can be  
2 
Mach numbers t o  a maximum o f  approximately 2.00 atmospheres a t  Mach numbers 
l e s s  than 0.40. 
t h a t  can be obtained i s  about 1.5 atmospheres. 
A t  t ranson ic  Mach nunbers, t h e  maximum stagnat ion pressure 
3.2.2 b d e l  k s c r i p t i o n  
Drawings o f  t h e  model a r e  shown i n  f igures  1, 3 and 4. Photographs o f  
t h e  model i n  t h e  Langley 8 f o o t  t ranson ic  pressure tunne l  a r e  shown i n  
f i gu res  5 and 6. 
The fuselage descr ibed i n  reference 2 was used t o r  t h i s  inves t iga t ion .  
The fuselage i s  125.88 cm (49.56 in.) l ong  and has a maxirmm diameter o f  
14.58 cm (5.74 in.). For b o t h  wings, t h e  wing lower  sur face  was f a i r e d  i n t o  
t h e  fuselage t o  p rov ide  a r e l a t i v e l y  f l a t  bottom which extended from near t h e  
leading edge t o  approximately 15.24 cm (6.0 in.) a f t  o f  t h e  t r a i l i n g  edge. 
Planform d e t a i l s  for t h e  wide body wing a re  shown i n  f i g u r e  3. The wing 
has 35" o f  sweep a t  t h e  q u a r t e r c h o r d ,  i.5" o f  d ihedra l  inboard and 5.5O o f  
d ihedra l  outboard, an aspect r a t i o  o f  6.99, and a t rapezoidal  p lanform area 
o f  0.193 m 2  (2.075 ft'). 
f i gu res  7 and 8, respect ive ly .  
Twis t  and th ickness d i s t r i b u t i o n s  a r e  presented i n  
This wing was designed f o r  a c r u i s e  Mach 
nunber o f  0.82 and a l i f t  c o e f f i c i e n t  o f  0.45. 
Planform d e t a i l s  f o r  t h e  s u p e r c r i t i c a l  wing are  shown i n  f i g u r e  4. The 
wing has 39' o f  sweep a t  t h e  q u a r t e r c h o r d ,  5 O  o f  d ihedra l ,  an aspect r a t i o  
o f  9.80, and a t rapezo ida l  p lanform area o f  0.185 m2 (1.988 ft'). Twist and 
11 
th ickness d i s t r i b u t i o n s  a re  presented i n  f i g u r e s  7 and 8, respect ive ly .  
a i r f o i l  sect ions used i n  t h i s  wing were designed f o r  a twodimensional  
sec t ion  l i f t  c o e f f i c i e n t  o f  0.7. The three-dimensional e f f e c t s  o f  sweep, 
f i n i t e  span, inboard a i r f o i l  mod i f i ca t ions  (reference 2), and fuselage 
in te r fe rence a1 I reduce t h e  1 i f t  obta inab le  f o r  t h i s  wing t o  a design 1 i f t  
c o c f f i c i e n t  o f  0.55 a t  a c r u i s e  k c h  number o f  0.81. 
The 
Both ho r i zon ta l  t a i l  con f igura t ions  were designed w i th  incidence blocks 
t o  a l l ow  v a r i a t i o n  o f  t h e  t a i l - p l a n e  inc idence f rom -4" t o  4" i n  0 . 5 O  
increments. The t a i l s  r o t a t e d  about an a x i s  through t h e  quarter-chord o f  t h e  
mean aerodynamic chGrd o f  each t a i l  and perpendicu lar  t o  t h e  fuselage axis.  
F i l l e r  plugs covered t h e  t a i l  attachments f o r  t h e  t a i l - o f f  conf igurat ions.  
3.2.3 bundary-Layer Trans i t  ion  
The t r a n s i t i o n  l o c a t i o n  o t  t h e  boundary l a y e r  was f i x e d  f o r  a l l  model 
components w i t h  carborundum g r i t  s e t  i n  a p l a s t i c  adhesive. The t r a n s i t i o n  
s t r i p s  wcre 0.127 cm (0.05 in.) wide and were s i zed  us ing  t h e  techniques o f  
reference 12. 
wings are  presented i n  f i g u r e s  9 and 10, respec t ive ly .  
T rans i t ion  s t r i p  pa t te rns  f o r  t h e  wide-body and s u p e r c r i t i c a l  
The a f t  pos i t i ons  o f  
t h e  g r i t  on t h e  upper surface o f  t h e  wings was determined f rom analys is  f 
o i l  f low photographs ( re ference 13) o f  each con f igu ra t i on  near i t s  d rag- r ise  
~ 
Mach nunber and c r u i s e  l i f t  coe f f i c i en t .  
were used t o  s i r m l a t e  a h igher  e f f e c t i v e  Reynolds number ( re ference 14). 
The a f t  g r i t  l o c a t i o n s  on t h e  wing 
Boundary-layer t r a n s i t i o n  s t r i p s  o f  #l20 carborundum g r i t  were loca ted  0.3 c 
back from t h e  l ead ing  edges on t h e  upper and lower surfaces of  a l l  t h e  
hor izon ta l  and v e r t i c a l  t a i l s .  I n  add i t ion ,  a t r a n s i t i o n  s t r i p  o f  f120 
carborundum g r i t  was loca ted  2.54 cm (1.00 in.) f r o m  t h e  nose o f  t h e  
fusel  age. 
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3.2 . 4 Measurements 
Aerodynamic fo rce  and moment da ta  were obtained us ing  a s ixxomponent 
e l e c t r i c a l  strain-gage balance. l h e  quoted accuracy of t h e  balance i s  0.5 
percent o f  t h e  f u l l  sca le  values (normal f o r c e  2500 l b s ,  a x i a l  f o r c e  200 l b s ,  
p i t c h i n g  moment 3500 in-1 bs, r o l l  i ng  moment 2000 in-1 bs, yawing moment 2000 
in - lb ,  s ide- force 500 lbs) .  
b e t t e r  than the  accuracy, however. 
d i f f e r e n t  t imes du r ing  t h e  t e s t  and drag  c o e f f i c i e n t  values repeated t o  
w i t h i n  0.0002. 
amount o f  da ta  requ i red  and wind turmel  schedul i n g  problems, t h i s  
The repeatab i l  i t y  o f  t h e  data was genera l ly  
Several con f igura t ions  were repeated a t  
Because o f  t h e  l z r g e  number o f  model conf igurat ions,  t h e  
inves t iga t ion  was spread over  f o u r  separate tunnel  ent r ies.  Pn o f f s e t  i n  t h e  
drag values f o r  t he  second e n t r y  was discovered near t h e  end o f  t h e  tes t i ng .  
This  o f f s e t  a f f e c t s  on ly  t h e  da ta  f o r  t h e  wide-body wing w i t h  ho r i zon ta l  t a i l  
H2 
incremental values due t o  t a i l  inc idence changes a re  n o t  affected. 
While t h e  absolute values o f  t h e  drag  da ta  a r e  i n  question, t h e  
An accelerometer at tached t o  t h e  balance b lock  was used t o  measure angle 
o f  attack. 
c a v i t y  by us ing  d i f f e r e n t i a l  Qressure t ransducers referenced t o  tunnel plenum 
s t a t i c  pressure. 
S t a t i c  pressures were measured i n  t h e  model along t h e  s t i n g  
Two yaw head rakes were used t o  measure t h e  crossflow-and 
downwash components o f  t h e  f low f i e l d  i n  t h e  v i c i n i t y  o f  t h e  h o r i m n t a l  
t a i l s .  D e t a i l s  o f  t h e  rake  a r e  presented i n  t h e  appendix. 
l h e  angl e o f  a t tack  o f  t h e  model was cor rec ted  f o r  f l o w  angu la r i t y  i n  
t h e  tunnel t e s t  section. 
inver ted  t e s t s  o f  t h e  base1 i n e  conf igurat ions.  
have been adjusted t o  correspond t o  t h e  cond i t i on  o f  free-stream s t a t i c  
prebsure a c t i n g ' i n  t h e  balance chamber and a t  t h e  base o f  t h e  fuselage. 
This co r rec t i on  was obtained from u p r i g h t  and 
b a g  data presented h e r e i n  
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No correction t o  t h e  da ta  have been made t o  account f o r  wind tunnel wa l l  
interference e f fec ts .  Also, t h e  f r o n t a l  area o f  t h e  model was s u f f i c i e n t l y  
small t o  avoid having t.) cor rec t  Mach number f o r  wind-tunnel blockage effects 
(reference 15). 
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CHAPTER 4 
RESULTS OF WIND TUNNEL TESTS 
The s t a t i c  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  f i v e  
wide-body conf igurat ions a r e  presented i n  f i g u r e s  11 - 13 and the  da ta  f o r  
t h e  f i v e  s u p e r c r i t i c a l  wing conf igura t ions  a r e  presented i n  f i gu res  14 - 16. 
The long i tud ina l  da ta  were i n i t i a l l y  reduced t o  coef f i c - ien t  f o r m  us ing  '.he 
quarter-chord o f  t h e  mean aerodynamic chord ( t j 4 )  as t h e  c.g. locat ion.  
h a l y s i s  o f  t h e  da ta  showed t h a t  t h e  l o n g i t u d i n a l  s t a b i l  i t y  parameter, AC,/ACL, 
was t o o  large, r e s u l t i n g  i n  unreal  i s t i i a l l y  s t a b l e  c r u i s e  conf igura t ions  f o r  
both the  wide-body and s u p e r c r i t i c a l  wings. 
T - t a i l  conf igurat ions were even more s t a b l e  than t h ?  l o w - t a i l  
b e  t o  a longer  t z i l  arm, t h e  
conf igurat ions.  b r m a l l y ,  wide-body a i r c r a f t  a t  c r u i s e  cond i t ions  f l y  w i th  
a s t a t i c  maygin o f  approximately 7 - 8 percent. 
hor izon ta l ,  H3, was considered t o  b e  c l o s e s t  t;, t h e  ho r i zon ta l  t a i l s  on 
actual  wide-body a i r c r a f t ,  t he re fo re  t h e  c.g. p o s i t i o n  f o r  t h e  wide-body 
The uncambered l o w - t a i l  
conf igurat ions was moved a f t  t o  p rov ide  a s t a t i c  margin o f  approximztely 7 
percent f o r  t h e  H3 t a i l  a t  c r u i s e  condi t ions.  The c.9. f o r  t h e  
supercr i t  i c a l  -wing conf igura t ions  was a1 so moved back t o  p rov ide  a- s i m i l a r  
s t a t i c  margin f o r  t h e  H3 t a i l  a t  c r u i s e  condi t ions.  The cog. p o s i t i o n  f o r  
- 
a l l  t h e  wide-body conf igura t ions  was f i x e d  a t  0.35 and t h e  p o s i t i o n  f o r  a l l  
supercr i t i ca l -w ing  conf igura t ions  was f i x e d  a t  0.3%. 
aerodynamic da ta  presented he re in  have been reduced us ing  these two c.g. 
A1 1 t h e  l ong i tud ina l  
pos i t  ions. 
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4.1 Force and Moment Data 
Several important t rends a r e  ev ident  f rom t h e  aerodynamic f o r c e  and 
moment data. 
p l o t s  ( f i gu re r  11 and 1 4 ) ,  i t  can be  shown tha t  a t  low 1 i f t  c o e f f i c i e n t s  a l l  
t h e  hor izon ta l  t a i l s  a r e  producing downloads f o r  t h e  t a i l  incidences tested. 
The t a i l  download causes a n e t  l o s s  o f  l i f t  when compar'ed w i t h  t h e  
wing-body-vertical t a i l  con f igurz t ions  a t  t h e  same angle o f  a t t x k .  
h igher angle, however, t h e  wide-body con f igu ra t i cns  exF- - m e  more upw+sh 
due t o  angle o f  a t tack  than downwash due t o  t h e  wing, 
on t h e  t a i l .  
hor izonta l  t a i l  produces more t o t a l  1 i f t  than f o r  the  wing-body-vert ical  t a i l  
con f igura t ion  depends on t h e  ho r i zon ta l  t a i l  inc idence and a i r f o i l  section. 
Because o f  i t s  h igher  design 1 i f t  c o e f f i c i e n t  and 1 i f t - c u r v e  slope, t h e  
s u p e r c r i t i c a l  wing produces more downwash than the  w idebody wing a t  t h e  same 
angle o f  attack. 
l i f t  beyond t h e  l i f t  c o e f f i c i e n t  where t h e  wide-body wing s t a l l s ,  and i n  on l y  
a few instances a t  very  h i g h  l i f t  c o e f f i c i e n t s  do t h e  ho r i zon ta l  t a i l s  
experience an upload. 
From t h e  v a r i a t i o n  o f  1 i f t  c o e f f i c i e n t  w i th  angle o f  a t tack 
A t  some 
t i n g  i n  an bF:ol;d 
@vious ly ,  t h e  p o i n t  a t  which t h e  c o n f i g u r a t i o n  w i t h  a 
For t h i s  reason, t h e  s u p e r c r i t i c a l  wing i s  s t i l l  producing 
The e f fec t  o f  an upload on t h e  t a i l  i s  apparent f rom t h e  v a r i a t i o n  o f  
drag c o e f f i c i e n t  w i t h  1 i f t  c o e f f i c i e n t  ( f i gu res  1 2  and 15). With an upload 
on the  t a i l ,  t h e  wing can be a t  a lower angle o f  a t tack  t c  achieve t h e  same 
t o t a l  1 i f t .  b w e r i n g  t h e  angle o f  &tack o f  t h e  wing reduces t h e  drag f o r  
t h e  confsguration. 'The data f o r  t h e  wide-body wing show t h i s  tendency f o r  
t he  conf igura t ions  w i t h  t a i l  uploads a t  h igher  angles o f  at tack.  
h igher aspect r a t i o ,  t h e  s u p e r c r i t i c a l  wing has l e s s  induced drag than t h e  
h e  t o  i t s  
wide-body wing and operates a t  a h igher  L/D. Even a t  h ighe r  angles o f  
at tack,  t h e  ho r i zon ta l  t a i l s  usua l l y  t r i m  w i t h  downloads, and although t h e  . 
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drag values f o r  t h e  conf igurat ions w i t h  ho r i zon ta l  t a i l s  approach t h e  values 
f o r  t h e  w ingAody-ver t i ca l  t a i l  con f i gu ra t i on ,  they  do n o t  croCs over and 
become less. 
It should be rioted t h a t  t h e  T - t a i l  v e r t i c a l  t a i l  prodtices more drag than 
t h e  l o w - t a i l  v e r t i c a l  t a i l  ( f i g u r e s  12 a, d, and 15 a, d). The leading- and 
t r a i l  ing-edge f a i r i n g s  a t  t h e  t i p  o f  t h e  T - ta i l  v e r t i c a i  were n o t  optimized 
and some l o c a l  f l ow  separat ion may be present. For t h e  purposes o f  t h i s  
inves t iga t ion ,  t h e  absolute d rag  l e v e l  i s  noL as important as t h e  t r i m  drag 
increments between t h e  d i f f e r e n t  conf igurat ions.  
The long i tud ina l  s t a b i l  i t y  c h a r a c t e r i s t i c s  o f  t h e  supercr i t  i c a l  and 
wide-body conf igura t ions  a r e  shown i n  f i g u r e s  13 and 16. 
conf igura t ions  f o r  bo th  wings a r e  h e a v i l y  in f luenced by t h e  downwash and wake - 
o f  t h e  wings. 
a, b, c )  a l l  tend t o  p i t c h  up a t  1 i f t  c o e f f i c i e n t s  beyond t h e  c r u i s e  1 i f t  
The l o w - t a i l  
The t h r e e  l o w - t a i l  con f i gu ra t i ons  ( f i g u r n s  13 a, b, c and 16 
c o e f f i c i e n t ,  regardless o f  t h e  wing involved. b t i c e  t h a t  t h e  t a i l s  a re  more 
e f f e c t i v e  i n  conjunct ion w i t h  t h e  s u p e r c r i t i c a l  wing (i.e. t h e  i n c r m e n t  i n  $, 
due t o  t a i l  incidence changes i s  greater). 
The T - ta i l  con f igura t ions  ( f igures  13 d, e and 16 d, e) a r e  more s t a b l e  . 
than the l o w - t a i l  con f igura t ions  because o f  t h e  longer  t a i l  arm. The- 
s u p e r c r i t i c a l  wing shows much l e s s  tendency t o  p i t c h  up than t h e  v*ide-body 
wing w i t h  t a i l s  H 4acd H 
p i t c h  down sharp ly  a t  t h e  h igher  l i f t  c o e f f i c i e n t ? .  
these conf igura t ions  would t r i m  o u t  again a t  even h igher  1 i f t  c o e f f i c i e n t s  
and develop c l a s s i c  “deep s t a l l  ‘I problems (references 16 and 17). 
i n  f a c t ,  t h e  s u p e r c r i t i c a l  wing conf igurat ions 5 ;  
It ‘ 3  n o t  known whether 
From t h e  data p 2sented i n  f i g u r e s  11 - li, i t  i s  poss ib le  t o  const ruct  
trimmed drag po la rs  f o r  each combination o f  wing and hu r i zon ta l  t a i l  a t  a 
f i x e d  c.g. p o s i t i o n  ( s t a b i l  I ty  l eve l ) .  Another way o f  present ing t h e  data 
17 
i s  t o  assune t h a t  each con f igu ra t i on  can be trimmed a t  any des i red  l i f t  
c o e f f i c i e n t  by moving t h e  c,g. pos i t ion .  l h e  r e s u l t i n g  p l o t s  present t h e  
va r ia t i on  o f  trimmed d rag  c o e f f i c i e n t  wi th c.g. p o s i t i o n  f o r  a f i x e d  1 i f t  
coef f ic ient .  Because o f  t h e  i n t e r e s t  i n  re laxed s t a t i c  s t a b i l i t y  and i t s  
e f f e c t  on t r i m  drag, t h e  l a t t e r  method was chosen t o  present t h e  data from 
t h i s  invest igat ion.  
conf igurat ions a re  presented i n  f i g u r e s  17 and 18, respec t ive ly .  Data f o r  
! :le corresponding w i r !g -bodyYer t i ca l  t a i l  con f i gu ra t i ons  a r e  p l o t t e d  with 
centered symbols, 
conf igurat ions arid t h e  corresponding w i n g - b o d y y e r t i c a l  t a i l  con f i gu ra t i on  a t  
t h e  same l i f t  c o e f f i c i e n t  represents t h e  t o t a l  d ras  increment due t o  t h e  
add i t ion  o f  the h o r i z o n t a l  t a i l ,  i nc lud ing  s k i n  f r i c t i o n .  
bt a f o r  the widehody and supercr it i c a l  wing 
The drag increment between each h o r i z o n t a l  t a i l  
For most 1 i f t  c o e f f i c i e n t s ,  a l l  f i v e  t a i l  con f i gu ra t i ons  show 
redbctions i n  t h e  t r i m  drag as t h e  c.g. i s  moved a f t .  
greater a t  t h e  h igher  1 i f t  coe f f i c i en ts .  A t  t h e i r  respec t i ve  design 1 i f t  
coe f f i c i en ts  (0.45 and 0.55), t h e  wide-body can f igu ra t i ons  t r in  w i t h  t a i l  
uploads and t h e  s u p e r c r i t i c a l  wing conf igura t ions  t r i m  with t a i l  downlcads 
f o r  most t a  1 incidence angles tested. 
wing a t  i t s  design p o i n t  a r e  summarized i n  f i g u r e s  19 and 20. 
The reduct ions a r e  
The t r i m  d rag  increments f o r  each 
Nunerous attempts have been made t o  c a l c u l a t e  t r i m  d rag  increments 
a n a l y t i c a l l y  (references 18 - 27). 
t r i m  drag tend t o  produce d i f f e r i n g  opinions on whether a t a i l  upload c: 
download r e s u l t s  i n  lower t r i m  drag. 
capable of  hand1 i n g  cornpressibil i t y  e f fec ts ,  which may occur a t  t ransonic 
speeds and can be  on k c u r a t e  
p red ic t ions  o f  t r i m  dr6g f o r  E G P C ~  . . ct;nfiourations f l y i n g  a t  t ranson ic  
The various methods used t o  c a l c u l a t e  
None o f  these s i q l  iffed methods are 
i order  o f  2 d i f  o f  t h e  t o t a l  t r i m  drag. 
. .  
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speeds await t h e  developlent o f  more powerful  computers arid more accurate 
methodology. 
be  useful as a s t a r t i n g  p o i n t  f o r  t a l l  design, however. 
methods agree t h a t  rearward movement o f  t h e  c.9 o r  a longer  t a i l  arm r e s u l t  
i n  smal ler  t a i l  loads and reduced t r i m  drag. Also, t h e  mutual in te r fe rence 
between t h e  f l o w  f i e l d s  o f  t h e  wifig and t h e  t a i l  can be  an important f a c t o r  
on t r i m  drag. 
t h e  t a i l .  As p rev lous l y  mentioned, an upload on t h e  t a i l  unloads t h e  wing 
and can r e s u l t  i n  s i g n i f i c a n t  t r i m  d r d g  savings. A wing w i t h  l e s s  induced 
drag may no t  r e q u i r e  an upload on t h e  t a i l .  I n  f ac t ,  a downloaded t a i l  i n  
t h e  presence of  s u f f i c i e n t  wing downwash causes t h e  t a i l  l i f t  vector t o  be 
ro ta ted  i n  a forward d i r e c t i o n ,  r e s u l t i n g  i n  a " t a i l  t h r u s t "  component which 
reduced t r i m  drag. 
these trends. 
The simp1 i f i e d  methods do i n d i c a t e  i n t e r e s t i n g  t:ends which may 
In general, most 
A wing which has h igh  induced drag b e n e f i t s  from an upload on 
The da ta  presented i n  f i g u r e s  19 and 20 substant ia te 
The wide-body wing ( f i g u r e  19) hss more induced drag due t o  i t s  smal ler  
aspect r a t i o ,  and t h e  s y m e t r i c a l  t a i l s  H3 and H5 show d e f i n i t e  t r i m  drag 
advantages f o r  t a i l  uploads. 
i n  t: i m  drag w i t h  t a i l  uploads, ;robably because t h e  t a i l s  were b u i l t  w i t h  
t h e  a i r f o i l s  "upside down" ( i nve rse  camber) i n  a n t i c i p a t i o n  o f  t a i l  downloads 
f o r  t r i m .  
have h igher  t r i m  drag increments. 
d i s s i m i l a r  t o  t h e  o the r  t a i l s .  
f i r s t  experiences reduced t r i m  drag increments due t o  t a i l  t h r u s t  on a 
downloaded t a i l .  
component disappears and t h e  t r i m  drag Increases. 
increases i n  t a i l  uplodd, t h e  indui6.d drag o f  t h e  wide body wing i s  rrduced 
The cambered t a i l s  t$ and )h show an increase 
(bv ious ly ,  these t a i l s  a r e  n o t  e f f i c i e n t  a t  producing uploads and 
The behavior o f  ho r i zon ta l  t a i l  til i s  
For som? smal l  range o f  t a i l  incidence, tl, 
As t h e  t a l l  l oad  becomes more p o s i t i v e ,  t h e  t a l l  t h r u s t  
For f u r t h e r  s m a l l  
u n t i l  t h e  point -  a t  which which t h e  cambered t a i l  becomes i n e f f i c i c n t  a t  
producing uploads. 
does no t  f o l l c w  t h i s  same trend, however. 
i n  s k i n  f r i c t i o n  i s  accounted f o r ,  t h e  smal ler  t a i l  H 1  has a t r i m  drag 
increment 0.0006 l e s s  than f o r  t h e  l a r g e r  t a i l  ti2. 
have smalle? t r i m  d rag  increments t.han any o f  t h e  low t a i l  conf igurat ions.  
The symmetrkal T - t a i l ,  H5, has a t r i m  drag increment which i s  0.0603 l e s s  
than i t s  s k i n  f r i c t i o n  increment, which imp l ies  t h a t  t h e  upload on t h e  t a i l  
It i s  n o t  understood why the l a r g e r  cambered t a i l ,  H2, 
Nevertheless, a f t e r  t h e  d i f f e r e n c e  
Both T - t a i l s ,  Hq and H5 
has s i g n i f i c a n t l y  reduced t h e  induced drag on t h e  wide-body wing. 
K i t h  i t s  h igher  i s p e c t  r a t i o  and reduced induced drag, t h e  s u p e r c r i t i c a l  
wing would be  expected t o  have reduced t r i m  drag increment% x i th  a t a i l  down- 
load or less o f  a t a i l  up load than f o r  t h e  w idebody wing. lhe more negat ive 
t a i l  incidence angles requ i red  f o r  t r i m  ( f i g u r e  20). i n  con junc t ion  w i t h  
greater  downwash subs tan t ia tes  t h i s  p red ic t ion .  As f o r  t h e  l o w - t a i l  conf igu-  
ra t i ons  w i t h  t h e  wide-body wing, t h e  l a r g e  cambered t a i l  H2 has t h e  h ighest  
t r i m  drag increments, fo l lowed by t h e  smal ler  cambered t a i l  HI, and t h e  sym- 
met r ica l  t a i l  H3. This time, bo th  H and H have p e c u l i a r  v a r i a t i o n s  o f  t r i m  
drag increment w i t h  t a i l  incidence (c.g. pos i t i on ) .  Pgain, t h e  cambered 
1 2 
t a i l s  may experience reduced t r i m  drag due t o  t a i l  t h r u s t  (1  H1 = - 2 " s  3 %  = -1 .so), 
a l oss  o f  t a i l  t h r u s t  as t h e  c.g. moves a f t  and t h e  t a i l  inc idence angles 
become more p o s i t i v e ,  and then as t h e  c.g. moves f u r t h e r  a f t ,  t h e  smal ler  
t a i l  downloads reduce t h e  wing induced drag, lower ing  t h e  t r i m  drag. The 
l a r g e  cambered t a i l  H2 a lso  has an increase i n  t r i m  drag a t  i 
may be due t o  g rea te r  induced drag on t h e  t a i l  i t s e l f  f o r  t h i s  h i g h l y  
downloaded case. To vai'ying extent ,  a l l  f i v e  t a i l s  show reduc-d t r i m  drag 
= - 2 O .  This 
"2 
. 
increments a s  t h e  c.g. i s  moved a f t .  The T - t a i l s  have l e s s  t r i m  drag than 
20 
t h e  l w - t a i l  conf igurat ions;  and w h i l e  b o t h  H4 and Hg have t r i m  drag 
increnents equal t o  t h e i r  s k i n  f r i c t i o n  values, t h e  qmmet r ica l  t a i l  Hr; w u l d  
appear t o  have even lower t r i m  d rag  i f  t h e  da ta  were ext rapolated t o  F rore 
a f t  c.9. pos i t ion .  
The most important informat ion t o  be gained f roa  t h e  i n t rmen 's  
presented i n  f i g u r e s  19 and 20 i s  t h a t  t h e  s u p e r c r i t i c a l  wing can be t r ' m e d  
wi thout  a l a r g e  increase i n  t r i m  drag c o q a r e d  t o  t h e  wide-body wing. 
maximum increase i n  t r i m  drag c o e f f i c i e n t  was OCD = 0.0003, which i s  leqs  
than one percer,t o f  t h e  t o t a l  drag o f  t h e  s u p e r c r i t i c a l  wing a t  c r u i s ?  
cond i t ions  (M 
t h e  s u p e r c r i t i c a l  wing a r e  n o t  s i g n i f i c a n t l y  eroded when a t a i l  i s  added. 
The 
= 0.82, 5 = 0.55). l h i s  means that  t h e  performance gains f o r  
(D 
l h e  e f f e c t  o f  t h e  t a i l s  on t h e  o v e r a l l  performance o f  each wing i s  
presented i n  f i g u r e  21. l h e  increases i n  L j D  f o r  t h e  s u p e r c r i t i c a l  wing c - ie r  
t h e  wide-body wing w i th  j u s t  t h e  l o w - t a i l  v e r t i c a l  and T - ta i l  v e r t i c a l  are 
10.9 percent and 11.8 percent, respect ive ly .  When t h e  ho r i zon ta l  t a i l s  a re  
added, t h e  increases i n  L/D f o r  t h e  superc r i t ca l  wing w i th  t h e  optimum 
l o w - t a i l  and T - t a i l  incidences a re  11.2 and 11.3, respect ive ly .  
f o r  t h e  best  T - t a i l  con f igura t ions  a r e  lower  than those f o r  t h e  bes t  low t a i l  
The L/D's 
con f igu ra t i on  because of t h e  h igher  drag f o r  t h e  T - t a i l  v e r t i c a l  t a i l .  * 
tbpefu l l y ,  some o f  t h i s  drag cou ld  b e  reduced wi th  a more op t ima l l y  shaped 
f a i r i n g  a t  t h e  t i p  of t h e  T - ta i l .  
4.2 Yaw Head Rake Data 
Two yaw head rakes were used t o  measure t h e  l o c a l  f l ow  angles and Mach 
nunbers i n  t h e  v i c i n i t y  o f  t h e  ho r i zon ta l  t ; i l s .  
t h e  s t i n g  a f t  o f  t h e  model. Each rake  had fou r  f ive- tube yaw heads 1 i k e  
those shown i n  references 28 and 29, which measure b o t h  t h e  downwash and 
crossf low components of t h e  l o c a l  f l ow  f i e l d .  
The rakes were attached t o  
21 
The p r i n c i p l e  behind t h e  yar: head rake  i s  i l l u s t r a t e d  i n  f i g u r e  22. 
l h i s  cu taway view shows t h r e e  t o t a l  bead tubes w i th  a 90" angle betwecn t h e  
faces o f  t h e  ou ts ide  tubes. If t h e  l o c a l  f l ow  angle i s  i n c l i n e d  a atl any le  c 
t o  the  yaw head ax is ,  t hen  t h e  h t a l  pressure measured by t u b e  one (pl) i s  
greater  than t h e  t o t a l  pressure measured by tube  2 (pp). 
pressure, p1 .- p.,, i s  p ropor t i ona l  t o  t h e  f l o w  a g l e  E. The rake  i s  
ca l i b ra ted  by i nc l i r , i ng  i t  at A kncwn angle t o  t h e  f low and measuring t h e  
d i f fe rences  i n  pressures between t h e  oppos i te  tuDe5 o f  t h e  yaw nead. Then 
when tak ing  data, t h e  measured pressure d i f fe rence a t  t h e  yaw heads can be 
r e l a t e d  back t o  a f l o w  angle. 
t h e  yaw head rakes a r e  presented i n  t h e  appendix. 
The d i f f e r e n c e  ': 
- 
More d e t a i l s  o f  t h e  d e s f j n  and c a l i b r a t i o n  o f  
A photograph o f  t h e  y a k  head r a k e  used w i t h  t h e  l o w - t a i l  con f i gu ra t i ons  
i s  shown i n  f i g u r e  23 and a drawing o f  t h e  rake  i s  shown i n  f i g u r e  24. 
t h r e e  s t a t i c  pressure tubes l oca ted  between t h e  yaw heads ? t  e used t o  
The 
c a l c u l a t e  l o c a l  Mach number. 
l o w - t a i l  and T - ta i l  con f i gu ra t i ons  a r e  presented i n  f i g u r e s  25 and 26, 
respect ively.  
motographs o f  t h e  rake  i n s t a l l a t i o n s  f o r  t h e  
l h e  rakes were centered v e r t i c a l l y  on t h e  ho r i zon ta l  t a i l  re fe rence 
. 
planes a t  t h e  r o o t  o f  t h e  ho r i zon ta l  t a i l s  f o r  t h e  l o w - t a i l  and T - t a i l  
configurations. Rake da ta  was taken a t  two spanwise l o c a t i o n s  f o r  each 
conf igura t ion  ( f i g u r e s  27 and 28). 
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Downwash da ta  f o r  t h e  two wings a r e  presented i n  f i g u r e s  29 - 30. In 
add i t i on  t o  t h e  v a r i a t i o n  o f  downwash w i th  ang le  o f  a t tack ,  t h e  r a t e  o f  
change of downwash w i th  angle o f  a t tack  i s  a l s o  p lo t ted .  
(reference 30) t h a t  t h e  r a t e  o f  change o f  downwash wi th  avg le  o f  at tack,  
A E / A a ,  has an e f f e c t  on t h e  s t a b i l i t y  o f  t h e  conf igura t ion .  l h e  t a i l  
con t r i bu t i on  t o  s t a b i l  i t y  i s  p ropor t iona l  t o  1 - ( A E / ~ ) .  A p o s i t i v e  
increase i n  A e / C a  reduces t h e  c o n t r i b u t i o n  o f  t h e  t a i l  t o  t h e  o v e r a l l  
s t a b i l  i t y  l eve l .  Usual ly t h i s  happens when t h e  t a i l  i s  in f luenced by t h e  
wake o f  t h e  wing. 
It can be shown ' 
The rake da ta  show t h a t  f o r  t h e  p o r t i o n s  o f  t h e  f low f i e l d  measured, t h e  
T - t a i l  con f igura t ions  have h igher  1 evels  o f  downwash and a f a i r l y  1 inear 
change i n  down wash w i t h  yaw head pos i t ion .  l h i s  e f f e c t  i s  descr ibed i n  
references 3 1  and 32, and i s  caused by t h e  f l o w  f i e l d  converging toward t h e  
wake o f  t h e  wing. The r e s u l t  i s  an increase i n  t h e  downwash above t h e  wake 
and a decrease i n  t h e  downwash below t h e  wake. 
s u p e r c r i t i c a l  wing has h igher  l e v e l s  o f  downwash f o r  b o t h  t h e  l ow- ta i l  and 
T - t a i l  con f igura t ions  due t o  i t s  h igher  des ign 1 i f t  c o e f f i c i e n t  and 1 i f t  
curve slope. 
As expected, t h e  
From t h e  n o n l i n e a r i t y  o f  t h e  values of  A s / A a ,  i t  ' i s  obvious tha t  t h e  
\ l ing  wake in f luences  t h e  l o w - t a i l  con f i gu ra t i ons  s i g n i f i c a n t l j  ,.;ore than t h e  
T - t a i l  conf igurat ions.  l h e  dynamic pressure i n  t h e  wake o f  t h e  wing i s  l ess  
than f r e e  stream and can adversely a f f e c t  t h e  performance o f  t h e  t a i l ,  as was 
shown i n  t h e  t r i m  d rag  da ta  p rev ious ly  presented. 
From t h e  yaw head rake  data, i t  i s  poss ib le  t o  compute components o f  t h e  
f l ow  i n  a l l  t h r e e  a x i s  d i r e c t i o n s  as w e l l  as t h e  l o c a l  Mach number. The 
r e s u l t a n t  t h r e e  dimensional f l o w  f i e l d  v e l o c i t y  vec tors  have been pro jec ted  
23 
onto a plane perpendicular t o  t h e  f reestream f l ow  d i r e c t i o n  i n  f i g u r e s  31  - 
34 t o  show t h e  crossf low components o f  t h e  f l o w  w i th  t h e  corresponding l o c a l  
Mach numbers. The view p o i n t  i s  one look ing  downstream a t  t h e  l e f t -hand  
t a i l s .  
conf igurat ion a r e  n o t  presented i n  f i g u r e s  2% and 31 due t o  plugged tubes 
flow angles f o r  t h e  bottom y a w  head o f  t h e  w ideaody  low- ta i l  
which gave inco r rec t  pressure measurements. Local Mach nunbers a r e  n o t  
presented f o r  t h e  t o p  y a w  head f o r  t h e  s u p e r c r i t i c a l  wing l o w - t a i l  
conf igurat ion ( f i g u r e  33). 
p a r t i a l l y  plugged, g i v i n g  smal l  Mach number er rors .  
For t h i s  run, t h e  center  t o t a l  head tube  was 
The f l o w  f i e l d  v e l o c i t y  
vectors shown f o r  t h i s  yaw head were computed us ing  t h e  erroneous Mach 
nwnbers. tbwever, s ince  t h e  pressure d i f fe rences  a t  a f i x e d  angle have on ly  
a small v a r i a t i o n  w i t h  Mach n m b e r  i n  t h e  rake  c a l i b r a t i o n ,  t h e  e r r o r  i n  t h e  
computed f l o w  angle i s  i n s i g n i f i c a n t  (see appendix). 
The low- ta i l  da ta  ( f igures  31 and 33) show a d e f i n i t e  c ross f low toward 
t h e  body due t o  t h e  c losu re  ang le  oc t h e  fuselage. The p o s i t i o n  o f  t h e  wing 
wake can be t racked by  watching t h e  l o c a l  Mach nunbers decrease as t h e  ang le  
o f  at tack increases. A steady movement of  t h e  wake v e r t i c a l l y  i s  shown, as 
we l l  as l o c a l  f l o w  separat ion for angles o f  a t tack  g rea te r  than 50. The 
in f luence o f  t h e  wing wake i s  wore apparent f o r  t h e  s u p e r c r i t i c a l  wing due t o  
. 
t h e  t h i c k e r  a i r f o i l s  used. 
I n  cont ras t  t o  t h e  low t a i l  data, t h e  T - t a i l  data ( f i g u r e s  32 and 34) 
show an outward c ross f low component which i s  due t o  t h e  f l o w f i e l d  o f  t h e  
T - t a i l  ve r t i ca l .  The l o c a l  Mach numbers inboard a re  a l so  h ighe r  f o r  t h e  same 
reason. It should b e  noted t h a t  b o t h  T - t a i l  rake  p o s i t i o n s  f o r  t h e  w ide4ody 
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wing were f u r t h e r  forward than f o r  t h e  s u p e r c r i t i c a l  wing (see f i g u r e  28), 
r e s u l t i n g  i n  a g r e a t e r  in f luence  from t h e  f l o w  f i e l d  of t h e  v e r t i c a l  t a i l  and 
higher l o c a l  Mach numbers. Since t h e  hor izonta l  t a i l  i s  above t h e  wing wake, 
t h e  l o c a l  Mach nunbers a r e  f a i r l y  constant w i t h  angle o f  a t t a c k  f o r  t h e  
T - t a i l  configurations. 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 
5.1 General 
l h e  purpose o f  t h e  present  s tudy i s  t o  determine i f  advanced 
s u p e r c r i t i c a l  wirigs i n c u r  h igher  t r i m  d rag  values than cu r ren t  wide-body 
technology wings. 
c r u i s e  condi t ions,  an experimental wind tunnel  i nves t i ga t i on  was conducted i n  
t h e  langley 8- foot  t ranson ic  pressure tunne l  u t i 1  i z i n g  a h i g h  a s p e c t r a t i o  
s u p e r c r i t i c a l  wing and a wide-body t y p e  wing, i n  conjunct ion w i t h  f i v e  
d i f f e r e n t  t a i l  con f igura t ions ,  mounted on a representa t ive  wide-body 
fuselage. 
e f f e c t s  o f  ho r i zon ta l  t a i l  s ize,  l o c a t i o n  (height) ,  and camber on t h e  t r i m  
d rcg  increments f o r  t h e  two wings. 
I n  o rde r  t o  measure r e l a t i v e  t r i m  drag increments a t  
Secondary ob jec t i ves  c f  t h e  i n v e s t i g a t i o n  inc luded measuring t h e  
From t h e  r e s u l t s  o f  t h i s  i nves t i ga t i on ,  i t  i s  poss ib le  t o  make t h e  
f o l  1 owing conclusions. 
1. The t r i m  d rag  values f o r  t h e  s u p e r c r i t i c a l  wing conf igura t ions  were 
n o t  s i g n i f i c a n t l y  h igher  than f o r  wide-body configuratio-ns. 
m a x i r u m  increase i n  t r i m  drag c o e t f i c i e n t  was A% = 0.0003, which i s  
l e s s  than one percent  o f  t h e  t o t a l  drag o f  t h e  s u p e r c r i t i c a l  wing 
conf igura t ions  3 t  c r u i s e  condi t ions.  
D e  
(M m = 0.87, C,- = 0.55). 
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2. For t h e  wide-body wing w i t h  i t s  h igher  induced drag, lower t r i m  drag 
values r e s u l t  w i t h  ho r i zon ta l  t a i l  uploads. An upload on t h e  t a i l  
reduces t h e  1 i f t  t h e  wing must produce, which t r a n s l a t e s  i n t o  a 
lower angl e o f  a t tack  and 1 ess o v e r a l l  drag f o r  t h e  conf igurat ion.  
Conversely, t h e  h i g h  aspect r a t  i o  supercr it i c a l  wing has 1 ess 
induced drag, and lower  t r i m  drag values resu-lts w i th  small 
downloads on t h e  t a i l .  With s u f f i c i e n t  downwash, a downloaded t a i l  
can produce " t a i l  t h r u s t "  which lowers t h e  t r i m  drag. 
Both wings showed a reduc t ion  i n  t r i m  drag f o r  t h e  smal ler  cambered 
low t a i l  H1 compared wi th  t h e  l a r g e  cambered t a i l  H2. I n  addi t ion,  
3. 
most o f  t h e  t a i l s  showed a reduc t ion  i n  t r i m  drag as t h e  cog. was 
moved a f t .  A con f i gu ra t i on  w i th  re laxed s t u t i c  s t a b i l  i t y  could t a k e  
advantage o f  bo th  a smal ler  ho r i zon ta l  t a i l  and an a f t  cog. 
pos i t i on ,  r e s u l t i n g  i n  s i g n i f i c a n t  drag reduct ion.  
For t h e  range o f  t a i l  incidences tested, t h e  cambered t a i l s  H1 and H4 
had h ighe r  minimum t r i m  d rag  increments than t h e  corresponding 
4. 
symmetrical t a i l s  H and H5. Cbviously, t h e  inverse  camber was 
i n e f f i c i e n t  f o r  producing t h e  uploads requ i red  t o  t r i m  t h e  wide-body 
conf igura t ions ,  and t h e r e  was probably t o o  much camber t o  generatr 
3 
. 
t h e  smal l  downloads requ i red  t o  t r i m  t h e  s u p e r c r i t i c a l  wing 
conf igurat ions.  
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5. The T - t a i l  con f igura t ions  f o r  bo th  wings had lower trm drag 
increments than t h e l m  t a i l  con f i gu ra t i ons  s i n c e  they  were n o t  i n  
t h e  wake o f  the wing. 
than f r e e  stream, reducing t h e  e f f i c i e n c y  o f  t h e  low t a i l  
conf igurat ions.  
than t h e  low t a i l  v e r t i c a l ,  t h e  o v e r a l l  drag l’evel s f o r  t h e  optimum 
T - t a i l  con f igura t ions  were s l  i g h t l y  h igher  than f o r  t h e  optimum low 
t a i l  conf igurat ion.  
The optimum performance f o r  bo th  wings was achieved w i t h  t h e  
symmetrical low t a i l  H3 and t h e  optimum T - t a i l  was t h e  symmetrical 
t a i l  Hg. The add i t i on  o f  a ho r i zon ta l  t a i l  lowers t h e  maximum L/D 
f o r  each wing, b u t  t h e  improvement i n  L/D f o r  t h e  s u p e r c r i t i c a l  wing 
over t h e  wide-body wing remains approximately 11 percent f o r  t h e  
optimum low t a i l  and T - t a i l  con f igura t ions .  
The dynamic pres5ures i n  t h e  wake were l e s s  
tbwever, s ince  t h e  T - t a i l  v e r t i c a l  had more drag 
6. 
5.2 Suggested Fur ther  Research 
Ihe  r e s u l t s  o f  the  present s tudy a r e  very  encouraging; however, severa l  
F i r s t ,  an a t t e m p t  should areas o f  i n t e r e s t  should be inves t iga ted  fu r ther .  
be  made t o  t o  reduce t h e  drag o f  t h e  T - t a i l  v e r t i c a l .  
add i t iona l  t r i m  drag reduct ions would r e s u l t .  
w i t h  l e s s  inverse camber should be  t e s t e d  w i t h  t h e  s u p c r c r i t i c a l  wing. 
t a i l  w i t h  on ly  a small amount o f  camber may produce t h e  downloads requi red 
f o r  t r i m  more e f f i c i e n t l y  than a symmetrical t a i l .  I s t l y ,  t h e  synmetr ical  
t a i l s  should be modi f ied t o  have f u l l  span elevators.  
downloads could then be achieved through e leva tor  ang e changes instead o f  
t a i l p l a n e  incidence changes. 
I f  successful, . 
Secondly, ho r i zon ta l  t a i l s  
A 
Both t a i l  uploads and 
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APPENDIX: YAW HEAD RAKE D E S I G N  AND C A L I B R A T I O N  
. 
l h e  resu?tan t  v e l o c i t y  vectors  p l o t t e d  i n  f i g u r e s  31. - 34 a r e  t h e  
pro jec t ion  o f  t h e  t h r e e  dimensional f l o w  f i e l d  v e l o c i t y  vectors  a t  each yaw 
head pro jected onto a p lane  perpendicu lar  t o  t h e  f r e e  stream f l o w  d i rec t i on .  
From f i g u r e  35, i t  can b e  shown t h a t  t h e  r e s u l t a n t  v e l o c i t y  vec tor  can b e  
ca lcu lated i f  t h e  down-ash angle E, t h e  c ross f low angle (I, and t h e  magnitude 
o f  t h e  th ree  dimensional f l o w  vec tor  V a r e  known. Assuming t h i s  i s  t r u e ,  R '  
and t h e  angle w i t h  respect t o  t h e  y a x i s  + can b e  ca lcu la ted  as fo l lows.  
v 
w 
= T A N 0  (U, + U) 
= TAN& (Urn + U) 
Subst i tu t ing equations A . l  and A.2 i n t o  equation A.3 ,  we have 
R .- (u, + ~ ) J T A N ~ ~  + T A N ~ E  
Also, we can see t h a t  
R 
TAN0 = + 
Subst i tu t ing A.4 i n t o  A.5 ,  we have 
 TAN^ =   TAN^ t TAN% 
and 
It can a lso be shown t h a t  
8 = TAN- '  ( d T A N 2 a  + TAN'€ 
R '  = V SIN6 
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Since we know V, a, and E, we can now compu; . R’. From f i g u r e  37, we 
see t h a t  
Subs t i t u t i ng  A.1 and A.2 i n t o  A.9, we have 
(A . lO)  
(A .11) 
As prev ious ly  nentioned, E and Q can be  determined f rom the  pressure 
d i f fe rences  across t h e  oppos i te  tubes o f  t h e  yaw head ( f i g u r e  22). 
magnitude o t  V must be determined from t h e  l o c a l  s t a t i c  pressure p and t h e  
l o c a l  t o t a l  pressure pt .  
i sen t rop ic  (no shock waves), ad iabat ic  (no heat t rans fe r ) ,  and t h a t  we have a 
pe r fec t  gas, we can use equations 29b, 44, and 46 f rom reference 33 t o  
ca l cu la te  V as follows. 
The 
If we assume t h a t  a t  the rake, t h e  f l o w  i s  
(krl. 44 
Ref. 33) 
Solving t h i s  equat ion f o r  t h e  l o c a l  Mach n:mber M, we have 
- v-1 
(A.12) 
(P.13) 
,-1 
(A.14)  
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I 
Other useful e o u a t i n ~ s  a re  
1 
a =,fin 
‘A. 15) 
( A .  16) 
(eqr; 46 
re f .  3 3 )  
( m n .  29b 
r e f .  33) 
where R in t h i s  i!’lstance i s  t h e  ga5 constant,  and Vack number i s  defired as 
V M = - a 
a t  
S u b s t i t u t i n q  equat icgs  2% and A.17 into ecluation A.18, E h a \ , ,  
(R .17 )  
(8.18) 
(A.13) 
Solving f o r  the  mqnitude o f  the  10cr71 t h e  dincnsional f1,c vector  V ,  we have 
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The ca l  i b r a t i o n  o f  t h e  yaw head rakes was performed wi th  t h e  tunnel  
empty. 
reduce any in f luence from t h e  f r o n t  o f  t h e  s t r ing .  
o f  running through an ang le  o f  a t tack  sweep a t  Mach nunbers f r o m  0.55 t o  
0.90. 
rake i n  i t s  normal v e r t i c a l  o r ien ta t ion .  
tubes o f  each yaw head, t h e  rake  was r o t a t e d  90' and a s i m i l a r  ar. , i e  o f  
at tack sweep was taken f o r  each Mach nunber. 
each se t  o f  opposing tubes was then nondimensionalized by d i v i d i n g  by t h e  
l oca l  dynamic pressure a t  each y a w  head. 
had a th ree  dimensional c a l  i b r a t i o n  t a b l e  o f  
d i f f e r e n t  f r e e  stream Mach nunbers. 
pressure measurements v a r i e d  w i t h  t h e  angle o f  a t tack  o f  t h e  rake, t h e  l o c a l  
Mach nunbers measured f o r  each yaw head were l e s s  than t h e  f r e e  stream 
values. This e f f e c t  i s  descr ibed i n  re ference 28. Local Mach number 
cor rec t ion  tab les  were s e t  up f o r  each yaw head t o  e l i m i n a t e  t h i s  problem. 
The tab les consisted o f  an incremental Mach number t o  be added t o  each yaw 
hedd a t  each v e r t i c a l  c a l i b r a t i o n  angle. 
each f r e e  strea- c a l  i b r a t  ion Mach number. 
The rakes were at tached t o  t h e  s t r i n g  as f a r  forward as poss ib le  t o  
The c a l i b r a t i o n  consis ted 
The t o p  and bottom tubes o f  each yaw head wer: c a l i b r a t e d  w i t h  t h e  
To c a l i b r a t e . t h e  l e f t  and r i g h t  
The pressure d i f f e rences  f o r  
Each y a w  head f o r  b o t h  rakes then 
versus E or u f o r  s i x  
Because t h e  l o c a l  s t a t i c  and t o t a l  
4 
l h e r e  was a d i f f e r e n t  t a b l e  f o r  
The procedure f o r  c o r r e c t  ing.1 oca1 
Mach nunher an.J f l o w  angle was as fo l lows:  
. 
1. Calculate t h e  l o c a l  downwash angle c ,  us ing  
l oca l  Mdch number va lue when i n t e r p o l a t i n g  
tab1  es . 
t h e  erroneous 
n t h e  c a l i b r a t i o n  
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2. Find t h e  l o c a l  Mach nunbe.- cor rec t ion ,  us ing  the c ca lcu la ted  
i n  s tep  1 and t h e  f r e e  stream Mach nunber f o r  i n t e r p o l a t i o n  
i n  t h e  l o c a l  Mach number c o r r e c t i o n  tab le.  
3. Wd t h e  l o c a l  Mach number c o r r e c t i o n  found i n  s tep  2 t o  t h e  
l o c a l  Path nunber measured i n  s tep  1. 
4. RecorrQute t h e  f l o w  angles 6 and (I us ing  t h e  cor rec ted  l o c a l  
Mach number when i n t e r p o l a t i n g  i n  t h e  c a l i b r a t i o n  tables.  
As a check, t h e  new procedure was used t o  compute f l o w  angles and l o c a l  Mach 
nunbers f o r  t h e  c a l i b r a t i o n  runs. The maximum e r r o r s  were 0.21 degrees fo r  
f l ow  angle and 0.002 f o r  3ach number, i n d i c a t i n g  t h a t  f u r t h e r  refinements 
were unnecessary . 
The yaw head rakes had a f a i r l y  1 inear  v a r i a t i o n  q f  pressure d i f f e rence  
Ap/q w i t h  f l o w  angle. 
ca l i b ra t i ons  w i th  Mach number ( f i g u r e  36). 
measurement o f  l o c a l  Mach nunber have a n e g l i g i b l e  e f f e c t  on f l o w  angle 
ca lcu lat ions.  
can be a t t r i b u t e d  t o  t he  accuracy o f  cons t ruc t i on  o f  t.he rakes. 
photcgraph o f  a t y p i c a l  yaw head i s  shown i n  f i g u r e  37. 
such as t h i s  do n o t  s i g n i f i c a n t l y  a f f e c t  t h e  data. 
I n  add i t ion ,  t h e r e  was ve ry  l i t t l e  change i n  t h e  
Therefore, small e r ro rs  i n  t h e  
- 
Minor d i f fe rences  between c a l  i b r a t i o n s  o f  i nd i v idua l  yaw heads 
A c l o s e  up 
51 i g h t  imperfectiogs 
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EXPERIMENTAL T R I M  DRAG VALUES FOR 
CONVENTIONAL AND SUPERCRI i  ICAL WINGS 
by 
M e r  F. Jacobs 
( k t  rac t ) 
The purpose o f  t h e  present study was t o  determine i f  advanced 
s u p e r c r i t i c a l  wings incur  h igher  t r i m  drag values a t  c r u i s e  condi t ions than 
cur ren t  wide-body technology wings. 
lessen t h e  performance b e n e f i t s  t o  be  gained from t h e  aerodynamically 
advanced s u p e r c r i t i c a l  dings. Re la t i ve  t r i m  drag increments were measured i n  
an experimental wind tunnel  i n v e s t i g a t i o n  conducted i n  t h e  Langley 8-foot 
t ransonic  pressure tunnel. The t e s t s  u t i 1  ized a h i g h  aspec t - ra t io  
s u p e r c r i t i c a l  wing and a cu r ren t  w idebody wing, i n  con junc t ion  w i t h  f i v e  
d i f f e r e n t  ho r i zon ta l  t a i l  conf igurat ions,  mob.,ted on a representa t ive  
wide-body fuselage. The t h r e e  l o w - t a i l  con f i gu ra t i ons  and two T - t a i l  
con f igura t ions  were chosen t o  measure t h e  e f f e c t s  o f  ho r i zon ta l  t a i l  size, 
l oca t i on ,  and camber on t h e  t r i m  drag increments f o r  t h e  two wings. 
Longi tud ina l  f o r c e  and moment da ta  and yaw head rake  da ta  were taken a t  a 
S i g n i f i c a n t l y  h igher  t r i i n  drap would 
. 
%ch number o f  0.87 and design c r u i s e  1 i f t  c o e f f i c i e n t s  f o r  t h e  wide-body and 
superc r i t i ca l  wings o f  0.45 and ft.Fi5, respect ive ly .  
t h e  superc r i t i ca l  wing does no t  have s i g n i f i c a n t l y  h igher  t r i m  drag than the  
wide-body wing. The wide-body wing had lowest  t r i m  drag increments f o r  t a i l  
uploads and t n e  s u p e r c r i t i c a l  wing had lowest increments w i t h  s l i g h t  t a i l  
downloads. 
produced t r i m  drag reduct ions f o r  bo th  wings. 
t r i m  drag increments than t h e  s y m e t r i c a l  t a i l s  f o r  b o t h  wings, and t h e  
T - t a i l  conf igurat ions were more e f f i c i e n t  than t h e  l o w - t a i l  conf igurat ions.  
The increase i n  performance (1 i f t  - t o d r a g  r a t  i o )  f o r  t h e  s u p e i c r i t i c a l  wing 
over the wide-body wing was 11 percent f o r  bo th  t h e  op t imm l o w - t a i l  and 
T - ta i l  configurations. 
l h e  da ta  i n d i c a t e  t h a t  
A reduct ion i n  t a i l  s i ze ,  combined w i t h  re laxed s t a t i c  s t a b i l i t y ,  
l h e  cambered t a i l s  had h igher  
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Figure 34.- Local Mach numbers and flow field velocity vectors 
behind the supercritical wing (T-tail configuration). 
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Figure 36. - Var ia t ion of nondimensionalized pressure difference 
with angle of attack for typical yaw head. 

